Uveitis is a group of diseases characterized by intraocular inflammation. Predominantly affecting young people, uveitis leads to a high percentage of blindness in Europe, America, and China.\[[@ref1][@ref2][@ref3][@ref4]\] Uveitis often exhibits a long disease course and high recurrence, with no ideal prevention and treatment methods established to date. While many cases are idiopathic, evidence suggests that uveitis involves both the adaptive immune system (e.g., activation of T cells) and the innate immune elements (e.g., production of inflammatory cytokines).\[[@ref5]\]

Many cytokines such as tumor necrosis factor alpha (TNF-α), interleukin (IL)-6, and IL-10 have been implicated in the development of uveitis.\[[@ref6]\] TNF-α is a pro-inflammatory cytokine released mainly from macrophages and T cells during inflammatory responses and functions to mediate leukocyte activation and infiltration and T helper 1 lymphocyte responses within tissues.\[[@ref7]\] In the case of uveitis, high levels of TNF-α promote disruption of the blood-retina barrier and increase vascular permeability, leading to edema.\[[@ref8]\] IL-6 represents another pleiotropic pro-inflammatory cytokine often abundantly present in the intraocular fluids of patients with uveitis.\[[@ref9]\] It is also produced by a variety of cell types (e.g., macrophages, monocytes, and leukocytes), and can be induced by TNF-α. IL-6 plays an important role in T helper 17 cell development and is a major regulator of the acute phase response.\[[@ref10]\] IL-10, on the contrary, is a key anti-inflammatory and anti-angiogenic cytokine in most of the ocular inflammations.\[[@ref11]\] IL-10 suppresses the expression of pro-inflammatory cytokines such as TNF-α, IL-1β, and interferon gamma (IFN-γ) and regulates differentiation and proliferation of multiple immune cells such as T and B cells, antigen-presenting cells, and granulocytes. Elevated intraocular IL-10 levels are often associated with the activity of uveitis,\[[@ref9]\] likely representing an attempt to control the overt inflammation.

Given their crucial roles in uveitis pathogenesis, biological therapies that intend to modulate cytokines and cytokine-mediated inflammatory/immune responses have been proposed for the disease. Among them, TNF-α blockers are the most commonly used class of biologics for managing uveitis.\[[@ref12][@ref13]\] However, the efficacy and safety of anti-TNF-α agents for the treatment of uveitis need further demonstration.\[[@ref14]\]

The main aim of this study was to evaluate the effects of systemic administration of an anti-TNF-α monoclonal antibody (mAb) on endotoxin-induced uveitis (EIU), a prototypical experimental model for acute anterior uveitis,\[[@ref15]\] and on pro-inflammatory IL-6 and anti-inflammatory IL-10 levels. In this model, low doses of lipopolysaccharide (LPS), a component of the Gram-negative bacterial cell wall, are given to rats through hind footpad injections to activate TLR4-MyD88 signaling pathway, resulting in cytokine production, leukocyte infiltration, and inflammatory eye symptoms that resemble those seen clinically of uveitis.\[[@ref16]\] Our hypothesis was that the anti-TNF-α mAb treatment would prevent EIU development and ameliorate EIU-associated pro-inflammatory cytokine production and clinical manifestations.

Materials and Methods {#sec1-1}
=====================

Ethics statement {#sec2-1}
----------------

Rats were provided by the Institute of Radiation Medicine Chinese Academy of Medical Sciences. All experiments were conducted according to the Association for Research in Vision and Ophthalmology statement on the use of animals. Ethics approval for this study was obtained from the Animal Ethics Committee of Institute of Radiation Medicine Chinese Academy of Medical Sciences.

Reagents {#sec2-2}
--------

LPS extracted from *Escherichia coli* O55:B5 was purchased from Sigma-Aldrich, USA. The anti-rat TNF-α mAb (Cat. MAB510) was purchased from R and D, Minneapolis, Minnesota, USA. The ELISA kits for rat TNF-α and IL-10 were obtained from Wuhan Boshide Biotechnology Co., Ltd., (Wuhan, Hubei, China). The rat IL-6 ELISA kit was from R and D, USA.

Animal cohorts {#sec2-3}
--------------

Fifty-six male Wistar rats (6--8 weeks) were randomly assigned to three groups: The EIU group (*n* = 24), the anti-TNF-α mAb + EIU group (*n* = 24), and the control group (*n* = 8). Rats in the EIU group and the anti-TNF-α mAb + EIU group were further divided into three groups (8 per group) for examination at 4, 24, 72 h post-LPS injection. EIU was induced by injecting LPS (150 µg/rat) into the hind footpad of rats. The anti-TNF-α mAb was administrated 30 min before LPS injection through one-time intravenous injection at 1 µg/kg body weight. Comparable doses were used previously in a rodent EIU model.\[[@ref17]\]

Endotoxin-induced uveitis observation and scoring {#sec2-4}
-------------------------------------------------

The clinical presentation of EIU post-LPS injection was monitored using slit-lamp biomicroscope (Kowa, Japan) and ophthalmoscope (Suzhou Liuliu Optics, China) hourly in the first 12 h post and then every 2 h. The EIU onset time and peak time were recorded. EIU clinical manifestations were scored following the method described previously.\[[@ref18]\] After rats had been sacrificed at indicated time points, the left eye was dissected, and histopathology was observed using the OLYMPUS BX50 microscope and graded as described previously.\[[@ref19]\]

Determination of tumor necrosis factor alpha, interlekuin-6, and interlekuin-10 {#sec2-5}
-------------------------------------------------------------------------------

Blood (2 ml) was extracted from the angular vein, and aqueous humor (AH) was extracted from the right eye from each rat at indicated time points. Blood samples were centrifuged at 4000 r/min for 10 min, and then took 400 µL of clear serum for analysis. Cytokine production was assessed by ELISA, performed following the manufacturers\' instructions. Briefly, a standard curve was first established for each of the cytokines using reagents provided in ELISA kits. And then, TNF-α, IL-6, and IL-10 levels in serum and AH were determined by referring to the standard curve.

Statistics {#sec2-6}
----------

Data were presented as mean ± standard deviation. Statistical analyses, performed in SPSS 11.5, (SPSS company, Chicago, USA) including *t*-test for histology score and grade comparison, Pearson correlation coefficient test for correlation between TNF-α, IL-6 and disease severity, and one-way ANOVA test followed by least significant difference test for cytokine level comparison. Significance was determined at *P* \< 0.05 for a given parameter.

Results {#sec1-2}
=======

Systemic administration of the anti-tumor necrosis factor alpha monoclonal antibody delayed and attenuated endotoxin-induced uveitis {#sec2-7}
------------------------------------------------------------------------------------------------------------------------------------

While the untreated controls remained normal, both the EIU and anti-TNF-α mAb + EIU rats showed signs of uveitis, such as vascular engorgement, fibrinous exudate, and neutrophil infiltration in the anterior chamber, retinal vasculitis, and pupil miosis \[[Fig. 1](#F1){ref-type="fig"}\]. However, the average onset time of EIU was determined to be 3.88 ± 0.62 h for the EIU rats and 5.75 ± 1.06 h for the anti-TNF-α mAb + EIU rats. The anti-TNF-α mAb pretreatment significantly delayed EIU development (*t* = 6.09, *P* \< 0.001).

![Anti-tumor necrosis factor alpha monoclonal antibody administration attenuated endotoxin-induced uveitis. The top left figure is endotoxin-induced uveitis rat and the top right figure is the anti-tumor necrosis factor alpha monoclonal antibody + endotoxin-induced uveitis rat 24 h postlipopolysaccharide injection. The endotoxin-induced uveitis rat showed iris vascular engorgement, fibrinous exudate at pupillary margin, and pupil miosis. The bottom left figure is the eye histology picture from an endotoxin-induced uveitis rat, and the bottom right figure is from an anti-tumor necrosis factor alpha monoclonal antibody + endotoxin-induced uveitis rat 24 h postlipopolysaccharide injection. The endotoxin-induced uveitis rat\'s eye had large exudate (right arrow) and massive neutrophil infiltration (left arrow) in the anterior chamber, which was attenuated in the anti-tumor necrosis factor alpha monoclonal antibody + endotoxin-induced uveitis rat](IJO-64-873-g001){#F1}

We then scored EIU manifestations clinically and histologically. The EIU rats had an average clinical score (CS) of 3.67 ± 1.97 and histopathological grading of 3.08 ± 1.69, whereas the anti-TNF-α mAb + EIU rats had a score of 2.08 ± 1.44 and grading of 2.08 ± 1.41. EIU CSs (*t* = 3.18, *P* = 0.003) as well as histopathological grades (*t* = 2.22, *P* = 0.031) were significantly higher in the EIU groups, suggesting that the anti-TNF-α mAb pretreatment attenuated EIU \[[Table 1](#T1){ref-type="table"}\].

###### 

Comparison of clinical scores and histological grades (*x̄*±s)

![](IJO-64-873-g002)

Systemic administration of the anti-tumor necrosis factor alpha monoclonal antibody reduced tumor necrosis factor alpha, interlekuin-6 and increased interlekuin-10 production {#sec2-8}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To further characterize the effect of systemic administration of the anti-TNF-α mAb, we measured EIU-associated production of cytokines, in particular, the pro-inflammatory TNF-α and IL-6 and the anti-inflammatory IL-10.

The serum and AH TNF-α levels of the control rats were determined to be 51.5 ± 7.90 ng/L and 26.8 ± 11.98 ng/L, respectively. The EIU rats had significantly higher serum (*F* = 15.06, *P* \< 0.001) and AH (*F* = 59.43, *P* \< 0.001) TNF-α levels than the control and anti-TNF-α mAb + EIU rats \[[Table 2](#T2){ref-type="table"}\]. Both the EIU and anti-TNF-α mAb + EIU rats showed higher levels of TNF-α in AH than that in serum (*t* = 8.49, *P* \< 0.001).

###### 

Concentrations of tumor necrosis factor-alpha in the serum and aqueous humor (*x̄*±s, ng/L)

![](IJO-64-873-g003)

The serum and AH IL-6 levels of the control rats were determined to be 3.2 ± 1.14 ng/L and 2.5 ± 0.62 ng/L, respectively. Similar to TNF-α, IL-6 levels were significantly higher in the EIU rats than in the control and anti-TNF-α mAb + EIU rats, in both serum (*F* = 99.62, *P* \< 0.001) and AH (*F* = 14.92, *P* \< 0.001) \[[Table 3](#T3){ref-type="table"}\]. In contrast to TNF-α though, IL-6 was more abundant in serum than AH (*t* = 9.87, *P* \< 0.001) and was higher in the EIU than anti-TNF-α treated rats.

###### 

Concentrations of interleukin-6 in the serum and aqueous humor (*x̄*±s, ng/L)

![](IJO-64-873-g004)

The control rats had 136.4 ± 97.91 ng/L of IL-10 in the serum and 172.5 ± 210.79 ng/L in the AH \[[Table 4](#T4){ref-type="table"}\]. Interestingly, both the control and EIU rats had significantly lower IL-10 levels than anti-TNF-α mAb + EIU rats, in serum (*F* = 24.94, *P* \< 0.001) and AH (*F* = 8.99, *P* \< 0.001). Serum IL-10 levels were higher than those in AH in anti-TNF-α mAb + EIU rats (*t* = 4.64, *P* = 0.008). On the contrary, AH contained more IL-10 than serum in EIU rats (*t* = 2.90, *P* = 0.008).

###### 

Concentrations of interleukin-10 in the serum and aqueous humor (*x̄*±s, ng/L)

![](IJO-64-873-g005)

Together, our data suggest that systemic administration of the anti-TNF-α mAb inhibited production of the pro-inflammatory cytokines TNF-α and IL-6 and elevated levels of the anti-inflammatory IL-10 in EIU rats.

Tumor necrosis factor alpha and interlekuin-6 were positively whereas interlekuin-10 was negatively correlated with endotoxin-induced uveitis severity {#sec2-9}
------------------------------------------------------------------------------------------------------------------------------------------------------

To investigate the kinetics of these cytokines during EIU pathogenesis, we further assessed the correlation between their levels and disease activities in EIU rats. We found that AH TNF-α, AH IL-6, and serum IL-6 levels were all positively correlated with EIU CSs (*r* = 0.48, *P* \< 0.02; *r* = 0.49, *P* \< 0.005; and *r* = 0.42, *P* \< 0.005, respectively) and histopathological grades (*r* = 0.34, *P* \< 0.02; *r* = 0.77, *P* \< 0.005; and *r* = 0.71, *P* \< 0.005, respectively). Serum IL-10 levels were inversely related to EIU CSs (*r* = −0.57, *P* \< 0.001) and histopathological grades (*r* = −0.55, *P* \< 0.001).

Interestingly, we found that serum TNF-α, AH TNF-α, serum IL-6, and AH IL-6 levels are all negatively correlated with the EIU onset time (*r* = −0.45/−0.69/−0.60/−0.63, *P* \< 0.001). Serum IL-10 levels are inversely related to EIU onset time (*r* = 0.62, *P* \< 0.001).

Discussion {#sec1-3}
==========

In this study, we investigated the effects of systemic administration of an anti-TNFα mAb on EIU in rats. We found that the anti-TNF-α mAb pretreatment prevented EIU development, attenuated disease manifestations, inhibited production of pro-inflammatory cytokines TNF-α and IL-6, and elevated levels of the anti-inflammatory IL-10. We conclude that blocking TNF-α signaling is protective against EIU and can be a useful strategy for managing uveitis. In addition, we found that serum IL-6 levels were positively whereas serum IL-10 levels were negatively correlated with EIU activity in rats, providing further evidence for the involvement of these cytokines in uveitis pathogenesis and possible markers for monitoring uveitis progression.

We found that TNF-α and IL-6 levels, in serum and AH, were significantly upregulated shortly after LPS injection (as early as 4 h postinjection), suggesting that the two inflammatory cytokines are among the early response factors to LPS stimuli. Interestingly, after EIU induction, TNF-α levels in the AH were much higher than those in the serum, a phenomenon not observed for IL-6. Moreover, we found that AH TNF-α levels were positively correlated with EIU activity, supporting the note that TNF-α rather than IL-6 is the driving force behind EIU pathogenesis. Our findings are consistent with the previous reports using LPS to induce uveitis in animal models.\[[@ref20][@ref21][@ref22]\] And indeed, TNF-α is crucial for uveitis development as Mo *et al*. showed that direct injection of TNF-α into the vitreous body exacerbated leukocyte infiltration into the anterior chamber and protein leakage.\[[@ref20]\]

We demonstrated that systemic administration of the anti-TNF-α mAb delayed EIU onset, attenuated EIU CSs and histological grades, and downregulated production of pro-inflammatory cytokines TNF-α and IL-6. This observation was in line with other studies done with experimental animal uveitis models. For example, Mo *et al*. showed that intravitreal injection of an anti-TNF-α mAb to rabbits dramatically alleviates LPS-induced uveitis, reducing neutrophil infiltration by 50%, monocyte infiltration by 59%, and protein leakage by 42%.\[[@ref20]\] Johnsen-Soriano *et al*. demonstrated that the anti-TNF-α drugs, adalimumab and infliximab, restored the histopathological changes of EIU although only infliximab partially prevented EIU development.\[[@ref23]\] Others have reported that subcutaneous injection of recombinant TNF receptor P75 (etanercept) before EIU induction prevented leukocyte adhesion and activation, reduced vascular permeability, inhibited retinal cell apoptosis, and significantly improved clinical uveitis scores.\[[@ref24][@ref25]\] Together, these studies demonstrated the efficacy of blocking TNF-α for managing uveitis. However, others have reported that systemically blocking TNF-α during EIU appeared to exacerbate the disease.\[[@ref26][@ref27]\] The paradoxical effects might depend on the models, reagents, and administration methods used in these studies and be explained by the redundant and pleiotropic nature of the cytokine network.

Importantly, as demonstrated by our and others\' studies, blocking TNF-α alone failed to abrogate uveitis, suggesting that other cytokines are also responsible for the disease pathogenesis and that a combined approach antagonizing TNF-α, as well as other pro-inflammatory cytokines, might be more effective. Supporting the note, Mo *et al*. showed that combining an anti-TNF-α mAb and recombinant rabbit IL-1 receptor antagonist gave more pronounced results than the anti-TNF-α mAb alone in an LPS-induced uveitis rat model.\[[@ref20]\]

In our model, IL-10 was significantly upregulated following EIU induction. This likely represents a host response in an effort to control the over immune activation. Anti-TNF-α mAb pretreatment significantly elevated IL-10 levels, suggesting that TNF-α inhibits IL-10 production during EIU development. Given the anti-inflammatory and anti-angiogenic role of IL-10, enhancing IL-10 production/signaling might be beneficial for uveitis management. Indeed, Rosenbaum and Angell reported that IL-10 effectively reduced EIU in rats and mice.\[[@ref28]\] Rizzo *et al*. showed that IL-10 treatment after induction of experimental autoimmune uveoretinitis ameliorated subsequent CSs and downregulated antigen-specific production of TNF-α and IFN-γ.\[[@ref29]\] Using a different model, experimental autoimmune anterior uveitis, Fang *et al*. demonstrated that systemic adenovirus-mediated IL-10 gene therapy significantly improved immune-mediated ocular inflammation.\[[@ref30]\]

Conclusion {#sec1-4}
==========

Using the EIU rat model, we have demonstrated that blocking TNF-α signaling using an anti-TNF-α mAb delayed EIU development and attenuated disease manifestations. Based on our observation, we propose that a combined biological therapy targeting TNF-α as well as other cytokines (e.g., IL-6, IL-10) would be a valuable approach to uveitis. Future studies are needed to comprehensively characterize the kinetics of other important cytokines involved in uveitis pathogenesis and their changes on anti-TNF-α therapy, which will provide a better understanding of the complex cytokine network responses in the disease.
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